Abstract: Fusarium head blight (FHB), caused by species of the fungus Fusarium, is a worldwide disease of wheat (Triticum aestivum L.). The Chinese T. aestivum 'Ning7840' is one of few wheat cultivars with resistance to FHB. To identify differentially expressed genes corresponding to FHB resistance, a cDNA library was constructed using pooled mRNA isolated from glumes of 'Ning7840' harvested at 2, 6, 12, 24, 36, 72, and 96 h after inoculation (hai) with a conidia spore suspension of Fusarium graminearum. Suppressive subtractive hybridization (SSH) cDNA subtraction was carried out using pooled glume mRNAs from the tester and the control. The cDNA library was differentially screened using the forward subtracted cDNAs and the reverse subtracted cDNAs as probes. Twenty-four clones with significant matches to either plant (16 sequences) or fungal (8 sequences) genes were isolated based on their specific hybridization with forward subtracted cDNA and not reverse subtracted cDNA. Six putative defense-related genes were confirmed by real-time quantitative reverse-transcriptase PCR. Many-fold higher induction of three clones (A3F8, B10H1, and B11H3) in the resistant genotypes compared with susceptible genotypes indicates a putative role in the resistance response to Fusarium graminearum. Transcript accumulations of P450, chitinase (Chi1), and one unknown gene (clone B8Q9) in both resistant and susceptible genotypes suggest an involvement in a generalized resistance response to F. graminearum. Nucleotide sequence analysis showed that cDNA clone A4C6 encodes a cytochrome P450 gene (CYP709C3v2), including 14 N-terminal amino acids that have a membrane-associated helical motif. Other domains characteristic of eukaryotic P450 are also present in CYP709C3v2. The deduced polypeptide of cDNA clone B2H2 encodes an acidic isoform of class I chitinase containing a 960-bp coding region. Southern hybridization using aneuploid lines of T. aestivum 'Chinese Spring' indicated that CYP709C3v2 was located on the short arm of chromosomes 2B and 2D.
Introduction
Fusarium head blight (FHB), caused by Fusarium graminearum, has posed a serious threat to wheat production worldwide, which not only lowers grain yield but reduces grain quality as well (Bai and Shaner 1994) . Breeding wheat resistant to FHB is one of the best choices to minimize crop and grain quality losses atrributed to FHB. Consequently, the absence of visible host responses or disease symptoms in the early stages following pathogen inoculation has stimulated investigations of the underlying nature of the wheat -F. graminearum interaction. Several studies have focused on the histology of infection. FHB infection is initiated in wheat florets at anthesis by F. graminearum ascospores. In infection of wheat spikes by Fusarium culmorum (which also causes FHB), a reduction in cell wall components including cellulose, pectin, and xylan occurs, suggesting that F. culmorum produces cell wall degrading enzymes to assist infection Buchenauer 2000a, 2000b) . Moreover, the trichothecene mycotoxins produced by F. graminearum and F. culmorum are known to inhibit protein synthesis and may have a role in pathogenesis (Desjardins and Hohn 1997; Kang and Buchenauer 1999) . Florets of infected spikes become increasingly necrotic and bleached, leading to a reduction in grain yield and quality (McMullen et al. 1997) . Wheat does respond to F. graminearum infection by inducing various defenses. In resistant wheat cultivars, the lignin content in cell walls increased dramatically during infection by F. graminearum compared with uninoculated plants. In contrast, only a slight increase in lignin was detected in the susceptible cultivar when compared with uninoculated plants (Kang and Buchenauer 2000c) . This suggests that lignin restricts fungal colonization. Recently, several studies have shown that infection by F. graminearum induces transcript accumulation of several classes of biotic and abiotic stressrelated genes in both partially resistant and susceptible cultivars (Li et al. 2001; Pritsch et al. 2000 Pritsch et al. , 2001 Kruger et al. 2002) . The expression of biotic and abiotic stress-related genes may result in a reduction of FHB severity in wheat, but the relationship and mode of interaction between FHB resistance and F. graminearum has not been clearly established. Identifying host genes differentially expressed in response to the pathogen may help illustrate cellular processes activated or repressed during the early phase of host-pathogen interactions that ultimately determine the extent of fungal colonization.
One goal in the present study was to use a PCR-based technique termed suppressive subtractive hybridization (SSH) to identify wheat genes that are differentially expressed during the resistance response to the fungal pathogen F. graminearum. SSH was used because it ensures an equalized representation of differentially expressed sequences (Diatchenko et al. 1996; Wu et al. 2001) . Another goal of this research was to obtain a more thorough understanding of relative transcription accumulation of biotic and abiotic stress-related genes in both resistant and susceptible cultivars using real-time quantitative reverse-transcriptase polymerase chain reaction (Q-RT-PCR). Recently, Q-RT-PCR was introduced to quantify gene transcripts precisely and reproducibly (Heid et al. 1996) . This method monitors fluorescence emitted during the reaction as an indicator of the amount of amplicon produced after each PCR cycle, as opposed to the endpoint detection methods of conventional PCR (Balaji et al. 2003) .
In the present study, sixteen putative defense-related genes differentially expressed during the resistance response to F. graminearum were identified. One of the pathogen-induced, differentially expressed wheat genes identified here is a chitinase. Another differentially expressed wheat gene, a cytochrome P450, was up-regulated in both resistant and susceptible cultivars. Cytochrome P450 is involved in the phenylpropanoid pathway, which plays an important role in plant defense metabolism (Schuler 1996) . Pathogen responsiveness and a putative role in wheat defense, however, have not been associated with this multifunctional protein family.
Materials and methods

Plant materials
The following plant materials were used in this study: (i) FHB-resistant Triticum aestivum 'Ning7840' and FHBsusceptible T. aestivum 'Len'; (ii) the hexaploid T. aestivum 'Chinese Spring' (CS, 2n = 6x = 42, genome AABBDD), a tetraploid, Triticum durum (2n = 4x = 28, AABB), and the three diploid species (2n = 2x = 14), Triticum monococcum (AA), Aegilops speltoides (SS ≈ BB), and Aegilops squarrosa (DD); (iii) 21 nulli-tetrasomic (NT) lines of CS (Sears 1966) , where nullisomy for a specific chromosome is compensated for by two extra copies of a homoeologue; and (iv) ditelosomic lines 2BL, 2BS, 2DL, and 2DS of CS.
Pathogen and inoculation
A highly virulent isolate of F. graminearum was collected and provided by Dr. G. Shaner, Department of Plant Pathology, Purdue University (West Lafayette, Ind.). The concentration of the inoculum was 5-10 × 10 4 conidia spores/mL. The basal florets of 10 spikelets per spike of 'Ning7840' and 'Len' were each inoculated with 10 µL of a conidia suspension, and the inoculated spikes were covered with transparent plastic bags for 72 h. The infected glumes were collected for RNA isolation 2, 6, 12, 24, 36, 72, and 96 (except for 'Len' at this time point) h after inoculation (hai). A control inoculation was made with water in both 'Ning7840' and 'Len'.
RNA isolation, cDNA synthesis, and cDNA library
Total RNA was isolated from the F. graminearum conidia suspension-inoculated (tester) and water-inoculated (control) glumes of 'Ning7840' and 'Len' using Trizol™ reagent from Gibco BRL Life Technologies (Grand Island, N.Y.) . Poly(A) + RNA was purified using the PolyATract mRNA Isolation System from Promega (Madison, Wis.). The pooled methylmercury hydroxide (CH 3 HgOH)-pretreated poly(A) + RNA at different times (2, 6, 12, 24, 36, 72 , and 96 hai) was used as template for reverse transcription using a hybrid oligo(dT) linker-primer (ZAP-cDNA) synthesis kit (Stratagene, La Jolla, Calif.) . The pooled cDNA library from glumes of 'Ning7840' was constructed in the Uni-ZAP XR vector (Stratagene). All procedures were carried out according to the supplier's protocols.
Suppressive subtractive hybridization (SSH) and differential screening
cDNA synthesis and subtraction from the pooled poly(A) + RNA were performed using a PCR Select™ cDNA Subtraction Kit (Clontech, Palo Alto, Calif.) according to the manufacturer's instructions. The cDNA that contained transcripts from inoculated glumes of 'Ning7840' was referred to as the "tester", whereas the cDNA from the water-inoculated glumes of 'Ning7840' was referred to as the "control". The tester and control cDNAs were digested with RsaI, yielding short blunt-ended molecules. The tester cDNA was then divided into two groups: forward subtraction (the tester subtracted against the control) and reverse subtraction (the control subtracted against the tester). Each group was ligated with different cDNA adaptors (Fig. 1) . Two hybridizations were then performed using an excess of control cDNA, the ends of the hybridized cDNA were filled in, and the entire cDNA population was subjected to PCR amplification, which greatly enriched the differentially expressed sequences. Subsequently, the pooled cDNA library was differentially screened using probes made from the forward and reverse subtractions. Duplicate blots were made according to Sambrook et al. (1989) . Approximately 5 × 10 5 plaques were screened with the 32 P-labeled subtracted cDNA as probes (rediPrime™ II kit, Amersham Pharmacia Biotech, Piscataway, N.J.). Plaque membrane lifts were prehybridized at 65°C in 5× SSPE, 7.5% w/v SDS for 6 h, and hybridized at the same solution overnight at 65°C. The membrane was washed at room temperature once in 2 × SSC containing 0.1% w/v SDS for 20 min, then washed twice in 0.5× SSC containing 0.1% w/v SDS for 20 min. After autoradiography, positive plaques were rescreened at a lower plaque density under the same conditions as for the first screening, and insert-containing pBluescript phagemids were rescued from the λZAP vector by in vivo excision with ExAssist helper phage (Stratagene).
Positive clones were grown in LB liquid culture and plasmids prepared using the Plasmid Miniprep kit from Qiagen (Valencia, Calif.) were used as templates for sequencing. Homology searches were conducted using the BLAST program (BLASTN and BLASTX) in three databases (GenBank non-redundant (nr) and EST and the COGEME fungal databases) of the National Center of Biotechnology Information (NCBI; http://www.ncbi.nlm. nih.gov). Multiple sequence alignment was performed with CLUSTAL W (Thompson et al. 1994 ) using default parameters through BCM Search Launcher (http://searchlauncher. bcm.tmc.edu/mult-align.html). The box shade was created by BOXSHADE 3.21 (http://www. ch.embnet.org/software/ BOX_form.html). Open reading frames (ORFs) and amino acid sequences were deduced using the WDNASIS software program. The theoretical isoelectric points and molecular weights were analyzed with EXPASY(http://us.expasy.org/ tools/pi_tool.html).
Real-time quantitative reverse transcriptase PCR (Q-RT-PCR)
Total RNA was treated with DNase I (amplification grade, Invitrogen) to remove DNA contamination before cDNA synthesis. The cDNA was synthesized from 2 µg total RNA using 250 ng of random hexamers and the Super-Script First-Strand Synthesis System for RT-PCR (Invitrogen) according to the manufacturer's instruction. Real-time PCR was performed on an ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, Calif.). The forward and reverse primers for Q-RT-PCR were designed from the differentially expressed clones using the Primer Express program provided by Applied Biosystems. A set of wheat 18S ribosomal RNA primers (GenBank accession No. AY049040) was also designed for use as an endogenous control to normalize the data for differences in input RNA and efficiency of reverse transcription between the various samples ( Table 1 ). The PCR was performed in a final volume of 20 µL containing SYBR Green I PCR Master Mix (Applied Biosystems), 500 nM each of forward and reverse primers, and 20 ng of cDNA template. After an initial activation step of the DNA polymerase at 95°C for 10 min, samples were subjected to 40 cycles of amplification (denature at 95°C for 15 s, annealing and extension together at 60°C for 1 min). Meanwhile, no reverse transcript (RT) controls were included in the PCR runs to ensure negligible contamination of the total RNA samples with genomic DNA. Immediately after the final PCR cycle, a melting curve analysis was done to determine specificity of the reaction by incubating the reaction at 95°C for 15 s, annealing at 60°C for 20 s, and then slowly increasing the temperature to 95°C over 20 min.
Quantification of the target gene expression was done with comparative C T method (Livak and Schmittgen 2001) . The C T used in the real-time PCR quantification is defined as the PCR cycle number that crosses an arbitrarily chosen signal threshold in the log phase of the amplification curve. To reliably determine the fold changes in gene expression using the comparative C T method, primer validation experiments were performed with fivefold serial dilutions of cDNA. Validation experiments were performed to demonstrate that the amplification efficiencies of target primers were approximately equal to the efficiency of the endogenous reference primers (18S rRNA). The relative expression level of the gene of interest was computed with respect to 18S rRNA to account for any variance in the amount of input cDNA. Average C T values from triplicate PCRs were normalized to average C T values for 18S from the same cDNA preparations. The controls, water-inoculated samples at different time points, were chosen as the calibrators and all infected samples were quantified relative to the controls at the same time points.
Southern hybridization analysis
Genomic DNA was isolated from leaves by the cetyltrimethylammonium bromide (CTAB) method (SaghaiMaroof et al. 1984) . Aliquots (20 µg) of genomic DNA were digested with the restriction enzyme BamHI. The DNA digests were separated in 0.8% w/v agarose gels in 1× TBE buffer and blotted onto Hybond N + nylon membrane (Amersham Pharmacia Biotech) by an alkaline procedure (0.4 N NaOH). Full-length cDNA for the target gene CYP709C3v2 (A4C6) was used as probe for hybridization to a Southern blot of CS, NT, T. durum, T. monococcum, Ae. speltoides, Ae. squarrosa, and the ditelosomics. The probe was labeled by a random prime labeling system using a rediPrime™ II kit (Amersham Pharmacia Biotech). The membrane was prehybridized at 65°C in 6× SSPE, 5× Denhardt's solution, 0.5% w/v SDS, and 50 µg denatured salmon sperm DNA/mL for 6 h, and hybridized in 6× SSPE, 5× Denhardt's, 0.5% w/v SDS, 0.05 µg denatured salmon sperm DNA/mL, and 0.05 µg dextran sulfate/mL overnight at 65°C. The membrane was washed at 65°C once in 2× SSPE containing 0.5% w/v SDS for 30 min, once in 1× SSPE containing 0.5% w/v SDS for 30 min, and once in 0.5× SSPE containing 0.5% w/v SDS for 30 min.
5′ rapid amplification of cDNA ends (RACE)
Full-length cDNA clones were obtained by 5′ rapid amplification of cDNA ends (RACE) using the SMART RACE cDNA Amplification Kit (BD Biosciences Clontech, Palo Alto, Calif.) as described by the manufacturer. The genespecific primers, 5′-CTGGCGCGCACGCCTCCAAC-3′ and 5′-GCACTCGAGCCCACCGTTGATGATGT-3′used for RACE were respectively designed from the clones A4C6 and B2H2 isolated from the cDNA library constructed in this study. The universal primer for 5′ RACE was 5′-CTAATACGA-CTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3′, provided in the kit. The PCR fragments were cloned into pGEM-T Easy vector (Promega) for sequencing.
Results
Genes identified by SSH
Twenty-four differentially expressed genes were identified based on their specific hybridization only with the forward subtracted cDNAs, and not with the reverse subtracted cDNAs. Sixteen of these sequences showed significant matches to plant genes, plus eight with significant matches to fungal genes (Table 2) . Among the 16 differentially expressed sequences from wheat, 3 clones (A2E9, A10P1 and A4C6) showed significant similarity only to 1 cytochrome P450 protein (GenBank accession No. BAC10362) and 3 clones (A3F8, A7Q5, and A12P3) displayed similarity to different putative actin-depolymerizing factors in the GenBank nr database (Table 2) . Clones B2H2, A5E12, and A9E16 showed high similarity to chitinase, microsomal signal peptidase and histone H4, respectively. Interestingly, 2 additional differentially expressed genes, clones A1D14 and B10H1, were detected that showed high similarity to pyruvate decarboxylase and S-adenosylmethionine decarboxylase, respectively, which were in turn induced by hypoxic stress in maize and biotic stress in rice (Peschke and Sachs 1993; Li and Chen 2000) . The remaining 5 clones, B6N10, B8Q9, B9O11, B11H3, and B12H4, displayed similarity only to unannotated accessions from GenBank nr database. Genome Vol. 48, 2005
Genes
Forward primers (5′→3′) Reverse primers (5′→3′)   A3F8  AAGGCCCGGCATATAAATGG  TTTGGCGGTGTGACTCTTGA  A4C6  TGAAGAATCACGGCGATCAC  CACCCCAATGCCTTGTTGTC  B2H2  TCTATCGAAACGCCATTGTTACA  AGAGGCCGTTCGCATAGTCA  B8Q9  CAGTGCAGTGCAGCAGCATA  GGCTTTGTTACCGTGTCGAAA  B10H1  CACCTAGAGCTAATAGTTTATTCGGAGTAG  GTTCCGTCTGTGGACTTTGTTCT  B11H3  TTCCACCATCAGCCCATACA  TGCGTTTCGAAGCAGTTGTC  18S GTGACGGGTGACGGAGAATT GACACTAATGCGCCCGGTAT Three database were searched with both the BLASTN and BLASTX algorithms: Genbank non-redundant (nr) and EST and the COGEME fungal database. B11H3 and B12H4 did show 100% identity to an EST (CK216187) induced after abiotic stress (Table 2) , whereas A8Q9 showed 100% identity to an EST (AJ612452) isolated from 20-day-old etiolated seedling. Figure 2 shows A3F8, A4C6, B2H2, B8Q9, B10H1, and B11H3 expression in FHB-resistant 'Ning7840' and FHBsusceptible 'Len' at different times after inoculation with F. graminearum. The y-axis values indicate the relative expression of differentially expressed genes in 'Ning7840' and 'Len' inoculated with F. graminearum to their expressions in 'Ning7840' and 'Len' inoculated with water (control) at each time (x axis) after inoculation. Real-time quantitative PCR of A3F8 showed that this putative actin depolymerizing factor was induced as early as 6 hai with maximum induction (5-to 6-fold over the control) occurring at 12 hai in the resistant line and then decreased abruptly. This induction was about 3 times higher at the peak in the resistant cultivar than that in the susceptible cultivar (Fig. 2) . A4C6, a putative cytochrome P450 gene, was induced earlier in response to the pathogen in the susceptible cultivar than in the resistant cultivar. However, pathogen-induced P450 transcript accumulation quickly reached a higher peak (about 14-fold over control) in 'Ning7840' at 72 hai than that in 'Len' and then decreased abruptly. Chitinase (B2H2) accumulation increased at 24 hai, with a peak at 72 hai, followed by a decline in both 'Ning7840' and 'Len', but expression levels in 'Len' remained higher than those in 'Ning7840' (Fig. 2) . Similar expression patterns were detected for both cDNA, B10H1 and B11H3 (unknown genes); however, there was significantly less transcript accumulation in 'Len' compared with 'Ning7840'. Both of these genes were maximally in- Fig. 2 . Fold changes in accumulation of clone A3F8 (actin-depolymerizing factor), A4C6 (P450), B2H2 (chitinase), B8Q9 (unknown gene), B10H1 (pyruvate decarboxylase), and B11H3 (abiotic stress) encoded RNA in resistant ('Ning7840') and susceptible ('Len') wheat at specified hours after inoculation (hai) with F. graminearum. The relative quantity of target gene transcripts was calculated using the comparative cycle threshold method. The infected samples were quantified relative to the controls (water-inoculated samples) at the same time points. 18S rRNA was used as an endogenous control to normalize the data for input RNA differences between the various samples. duced at 72 hai and then decreased quickly in Ning7840. Surprisingly, two peaks appeared in the temporal expression pattern of B8Q9 (unknown gene) in the resistant cultivar after inoculation. The first peak was present in both resistant (12 hai) and susceptible (6 hai) cultivars, but the second peak was only present in 'Ning7840' at 72 hai (Fig. 2) . Because the putative defense-response genes encoding cytochrome P450 and chitinase were induced many-fold higher in both resistant and susceptible genotypes, we focused on A4C6 and B2H2 and used RACE PCR to obtain full-length cDNA clones.
Real-time quantitative PCR analysis of defense-related genes
Characterization of the cytochrome and chitinase genes
To obtain full-length cytochrome P450 and chitinase gene coding sequences, we performed 5′ RACE using genespecific primers designed from the putative cytochrome Fig. 3 . Alignment of Triticum aestivum CYP709C3v2 (A4C6) with 5 related known cytochrome P450 proteins. Rice, Oryza sativa P450 (BAC10362.1); corn, Zea mays P450 (AF391808 3); Arabid, Arabidosis thaliana P450 (NP566092.1); Lolium, Lolium rigidum P450 (AAK38091.1); and potato, Solanum tuberosum P450 (BAA86912.1). Identical and similar residues are shown on black and gray background, respectively. Gaps required for optimal alignment are indicated by dashes. The putative membrane-associated helix is underlined. Domains A, B, C, and D (shown above the sequences) are regions conserved in many P450 families (Kalb and Loper 1988) ; domain D contains the conserved cysteine of P450 family signature (underlined).
clone A4C6 (423 bp) and chitinase clone B2H2 (392 bp). A 1309-bp 5′ RACE fragment was obtained with 190 bp overlap of 100% sequence match in A4C6. A4C6 contained a distinctive plant translational initiation start codon and flanking region (Cavener and Ray 1991; Joshi 1987) , followed by an open reading frame on coding 514 amino acid residues. Additionally, this cytochrome gene contained 14 amino acid N-terminal membrane-associated helices (Fig. 3) . The regions designated domains A, B, C, and D conserved in many P450 families (Kalb and Loper 1988) were also present in A4C6. Domain D contains the ferriprotoporphyrin IX (heme) prosthetic group covalently attached to the cysteine in the highly conserved F--G-R-C-G motif found near the C-terminus (from 453 to 462) (Durst and Nelson 1995; Schuler 1996) . The A4C6 protein encoded by this putative cytochrome gene is 514 amino acids long, including the signal sequences at the N termini (Fig. 3) . Molecular weights of A4C6 predicted from the mature protein are 57.58 kDa with an isoelectric point of 9.24.
Comparison of the deduced amino acid sequences of cytochrome clone A4C6 to the related known cytochrome P450 families showed highest sequence similarity to rice (BAC10362.1) with 77% identity (Fig. 3) , whereas A4C6 had 55%, 45%, 40%, and 35% amino acid identity, respectively, with corn, Arabidopsis, Lolium, and potato (Fig. 3) . Alignment analyses showed that the C-terminal possesses more similarity and (or) identity than the N terminal in 6 P450 amino acids aligned (Fig. 3) . A4C6, named CYP709C3v2 by Dr. D.R. Nelson (University of Tennessee, Memphis, Tenn.), shows 98% identity to CYP709C3v1. CYP709C3v1 is not included in the alignment analyses, because the sequence of CYP709C3v1 is proprietary (Dr. Daniele Werch-Reichhart, personal communication) and is not available in GenBank.
A 1132-bp 5′ RACE fragment was obtained that contained a 220-bp overlap of 100% sequence match in B2H2. The fulllength cDNA is 1304 bp long and has a coding region of 960 bp, a 185-bp 5′ untranslated region, and a 159-bp 3′ untranslated region. The 5′ untranslated region contains two contiguous stop codons immediately before the start codon, with no other alternative start codons. A TATA box at position -105 and a CAAT box at -35 relative to the 5′ end of the transcription start site are present. The 3′ untranslated region possesses two putative polyadenylation signals (AATAA).
The coding region of the B2H2 gene is similar to other class I chitinases that contain a 20 amino acid N-terminal signal peptide, followed by a highly conserved, cysteine-rich domain. The catalytic domain, which is conserved in chitinase I, seems to be interrupted by a hypervariable region of about 15 residues, as commonly observed with chitinases from dicotyledons (Meins et al. 1992 ) and wheat (Liao et al. 1994) . A C-terminal extension, which is necessary for the targeting of chitinases to the central vacuole, was not present in the B2H2 sequence, similarly to the class Ib chitinase protein in 'Chinese Spring' (Liao et al. 1994) . A conserved amino acid sequence, NYNYG, found in most PR-3 chitinases (Neuhaus 1999) was also found in B2B2 protein at positions 198-202 (underlined in Fig. 4) . The putative B2H2 protein encoded by this chitinase gene is 320 amino acids long including the signal sequences at the N-termini (Fig. 4) . The molecular weight of the B2H2 predicted mature protein is 33.53 kDa with an isoelectric point of 6.83. Figure 5 shows the banding patterns obtained when the A4C6 cDNA probes were hybridized to BamHI-digested genomic DNAs from the donors of wheat and different wheat lines. Two bands, about 2.6 and 6.5 kb, respectively, were missing in both N2D-T2B and ditelosomic line DT2DL and two additional bands, about 2.8 and 4.0 kb, respectively, were missing in both N2B-T2D and ditelosomic line DT2BL. In contrast, the other NT lines, 2BS, and 2DS all had the same banding patterns as CS. (Fig. 5) . This indicated that CYP709C3v2 is located on the short arms of chromosome 2B and 2D.
Chromosome location of CYP709C3v2
Discussion
Several techniques have been used successfully in the isolation of differentially expressed genes. They include differential display (Liang and Pardee 1992) , representational difference analysis (Lisitsyn et al. 1993) , enzymatic degradation subtraction (Zeng et al. 1994) , linker capture subtraction (Yang and Sytkowski 1996) , and other subtraction methods (Akopian and Wood 1995; Deleersnijder et al. 1996) . In this study, we describe a method that combines SSH with differential screening of a pooled cDNA library using subtracted cDNA as probes. The objective of this study was to identify the transcripts corresponding to the gene expression induced by F. graminearum. In this report, screening the pooled cDNA library of 'Ning7840' resulted in the identification of 16 clones with significant matches to wheat genes. Some of these genes were found as either multiple copies (e.g., P450) or mutiple types (e.g., actin depolymerizing factor) ( Table 2) , which was also reported in the genes encoding pathogenesisrelated (PR) proteins identified in the wheat -F. graminearum interaction (Kruger et al. 2002) . Real-time quantitative PCR showed that transcript accumulation in P450, chitinase, Sadenosylmethionine decarboxylase, actin depolymerizing factor, and two unknown stress-related genes (clones B8Q9 and B11H3), was significantly higher than those in waterinoculated control. Transcript levels of these different putative defense-response genes started accumulating and reached maximal levels at different times after inoculation. For example, actin depolymerizing factor and one unknown stress-related gene (clone B8Q9) began accumulation earlier than other putative defense-related genes. Q-RT-PCR also showed earlier and greater accumulation in some of the putative defense-response gene (e.g., clones A3F8, B10H1, and B11H3) transcripts in resistant genotype compared with susceptible genotype. Many-fold higher induction in the resistant genotypes indicates a putative role in the resistance response to F. graminearum, which is in agreement with the previous studies on PR genes by Pritsch et al. (2000) ; Kruger et al. (2002); and Li et al. (2001) . However, greater induction of P450 and chitinase expression in both resistant and susceptible genotypes suggests an involvement in a generalized resistance response during wheat -F. graminearum interaction. Surprisingly, 2 small-fold peaks appeared in the temporal expression pattern of a stress-related gene (clone B8Q9) in the resistant cultivar after inoculation. The first peak was present in both resistant and susceptible cultivars, but the second peak was only present in 'Ning7840' (Fig. 2) . Further work is required to confirm that the first peak corresponds to point inoculation or some other environmental cue. It is interesting that, particularly in the resistant genotype, real-time quantification indicated that putative defenseresponse gene transcripts accumulated and reached a plateau quickly, and then decreased abruptly (Fig. 2) .
Cytochrome P450 mono-oxygenases occupy a central position in the oxidative metabolism of plants, animals, and microorganisms. In comparison to bacterial and mammalian P450s that have been extensively studied over the past 50 years, plant P450s have been characterized only since the 1990s (Bolwell et al. 1994; Nelson et al. 1996) . As a consequence, significantly less is known about the mechanisms mediating the induction of plant genes encoding P450s. Two broad classes of P450 activities, biosynthetic pathways and detoxification pathways, have been described in plants (Schuler 1996; Werck-Reichhart 1995) . Biosynthetic P450s play paramount roles in the biosynthesis of metabolites, cell wall constituents (lignin), and plant defense compounds (isoflavonoids, coumarins, fluranocoumarins), which act as plant defense agents. Detoxicative P450s metabolize xenobiotics, including a variety of herbicides and pesticides, into nontoxic products (Schuler 1996) . As expected for the enzymes needed for the production of lignin, isoflavonoids, coumarins, fluranocoumarins, and other phenylpropanoid end products, a wide range of plant cytochrome P450 transcripts have been induced many-fold by wounding in artichoke tubers (Helianthus tuberosus) (Teutsch et al. 1993) , pea (Pisum sativum) stem sections (Frank et al. 1996) , and corn (Zea mays) (Persans et al. 2001) ; by fungal elicitors in alfalfa (Medicago sativa) suspension cell cultures (Schuler 1996) ; and by bacterial infection in corn (Persans et al. 2001) . Real-time quantitative PCR for CYP709C3v2 isolated in this study showed about a 14-fold induction by fungal infection with F. graminearum over the water-treated control in the resistant genotype. Moreover, expression analyses of CYP709C3v1, a homoeoallele of CYP709C3v2, match our real-time quantitative PCR results of CYP709C3v2 (Dr. Daniele Werch-Reichhart, personal communication). Taken together, the available results suggest that cytochrome P450 is a component of the plant defense response to wounding, pathogens, and chemical treatments.
Chitinase is induced by various factors including fungal (Danhash et al. 1993; van Kan et al. 1992) , bacterial (Broekaert and Peumans 1988) , and viral infections (MargisPinhero et al. 1993; Vogeli-Lange et al. 1988) , fungal elicitors (Hedrick et al. 1988; Mauch et al. 1988) , treatment with plant hormones (Boller et al. 1983; Shinshi et al. 1987) , abiotic factors (Roby et al. 1986) , and environmental stress (Yeh et al. 2000) . Induction of chitinase is often coordinated with the induction of specific β-1,3-glucanases and PR proteins (Collinge et al. 1993) . Previous research has indicated that chitinases and β-1,3-glucanases inhibit fungal growth by degrading chitin and (1,3)-β-glucan, both major structural cell-wall polysaccharides in growing hyphae (BartnickiGarcia 1968) . Antifungal properties of chitinase were also demonstrated by the in vitro inhibition by purified chitinase of growth of Trichoderma reesei and Fusarium sporotrichioides, a barley seed rot (Leah et al. 1991) . Additionally, the role of chitinase can be synergistically enhanced by β-1,3-glucanases (Mauch et al. 1988) . Therefore, the degradation of the fungal cell walls by the host chitinase may be, in part, an active defense mechanism of disease resistance in wheat. The present study describes a class I chitinase responding to Fusarium graminearum infection. Based on the BLAST searches using the nucleotide sequences and the deduced amino acid sequences, this chitinase is different from the class IV and VII chitinases induced by F. graminearum infection previously reported by Li et al. (2001) . It is not known whether the different class chitinases are coordinately induced by Fusarium. It appears that class IV and VII chitinases were induced earlier (24 h) than class I chitinase (72 h) after inoculation with Fusarium based on the Northern blot hybridization data of Li et al. (2001) and the real-time quantitative PCR analyses in this report.
Southern analysis indicated that CYP709C3v2 is located on the short arms of chromosome 2B and 2D in common wheat. Additionally, Southern analysis revealed that CYP709C3v2 is present in all three diploid progenitors of hexaploid wheat, T. monococcum, Ae. speltoides, and Ae. squarrosa. However, the hybridizing bands detected in T. monococcum differed from the A genome of CS, as did those found in Ae. speltoides from the signals associated with the B genome of CS. On the other hand, the hybridizing bands observed in Ae. squarrosa (DD) were identical in size to those of the D genome of CS, suggesting that Ae. squarrosa donated its genome to hexaploid wheat more re- Fig. 4 . Alignment of Triticum aestivum B2H2 with 6 related class I chitinase proteins. TA, T. aestivum (winter wheat) chitinase (AB029936.1); CS, 'Chinese Spring' (spring wheat) chitinase (X76041.1); rye, Secale cereale chitinase (AF280437.1); rice, Oryza sativa chitinase (D16223.1); barley, Hordeum vulgare chitinase (U02287.1); and corn, Zea mays chitinase (L00973.1). Identical and similar residues are shown on black and gray background, respectively. Gaps required for optimal alignment are indicated by dashes. The residues involved in the catalytic activities of lysozyme and chitinase are underlined (Meins et al. 1992; Liao et al. 1994) . Sig (shown above the sequences), signal peptide; cys, cysteine-rich domain; cat, catalytic domain; var, variable region. cently than T. monococcum and Ae. speltoides. Similar results were also reported in other cytochrome genes (P450) and Rubisco genes by RFLP analyses (Galili et al. 2000; Nomura et al. 2002) . . Southern blot analysis of genomic DNAs (BamHI digests) from the different genome donors of wheat and various wheat lines with the putative cytochrome P450 gene (CYP709C3v2: A4C6) as the probe. Two bands, about 2.6 and 6.5 kb, respectively, were missing in both N2D-T2B and ditelosomic line DT2DL, and 2 additional bands, about 2.8 and 4.0 kb, respectively, were missing in both N2B-T2D and ditelosomic line DT2BL. Arrows indicate the positions of the specific bands. DNA size markers are shown on the right.
